Cysteine is considered a non-essential amino acid in mammals as it is synthesized from methionine via transsulfuration. However, premature infants or patients with hepatic failure may require dietary cysteine due to a lack of cystathionine γ-lyase (CTH), a key transsulfuration enzyme. Here we generated CTH-deficient mice (Cth -/-) as an animal model of cystathioninemia/cystathioninuria. Cth -/-developed normally in general but displayed hypercystathioninemia/hyperhomocysteinemia though not hypermethioninemia. When fed a low-cyst(e)ine diet, Cth -/-showed acute skeletal muscle atrophy (myopathy) accompanied by enhanced gene expression of asparagine synthetase and reduced contents of glutathione in livers and skeletal muscles, and intracellular accumulation of LC3 and p62 in skeletal myofibers; they finally died of severe paralysis of the extremities. Cth -/-hepatocytes required cystine in a culture medium and showed greater sensitivity to oxidative stress. Cth -/-exhibited systemic vulnerability to oxidative injury, which became more prominent when they were fed the low-cyst(e)ine diet. These results reveal novel roles of transsulfuration previously unrecognized in mice lacking another transsulfuration enzyme cystathionine β-synthase (Cbs -/-). Because Cbs -/-display hyperhomocysteinemia and hypermethioninemia, our results raise questions against the homocysteine-based etiology of CBS deficiency and the current newborn screening for homocysteinemia using Guthrie's method which detects hypermethioninemia.
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Cys is considered a non-essential amino acid, because it is provided through diet or the Met cycle/transsulfuration in which a sulfur molecule is transferred from Met-derived homocysteine to Ser (1, 2) . Two pyridoxal 5´-phosphate-dependent enzymes, cystathionine β-synthase (CBS 2 ; EC 4.2.1.22) and cystathionine γ-lyase (CTH, γ -cystathionase, often abbreviated as CSE; EC 4.4.1.1) play essential roles in transsulfuration; the former catalyzes a condensation reaction between homocysteine and Ser to form cystathionine and the latter catalyzes the hydrolysis of cystathionine to form Cys (2) . However, Cys is often considered a semi-essential or conditionally essential amino acid because premature infants can require dietary Cys due to a lack of hepatic CTH activity/expression (3) (4) (5) and patients suffering from a vitamin B6 deficiency, hepatic failure, or surgical stress, may require Cys due to impaired transsulfuration (6, 7) . Biosynthesized Cys is further metabolized in the liver to yield glutathione and taurine, two major antioxidants (2) , and both CBS and CTH are capable of metabolizing cyst(e)ine to produce hydrogen sulfide (H 2 S), a novel gaseous biological mediator (8, 9) , suggesting important physiological roles played by CBS/CTH.
Genetic deletion of CBS is known to cause homocysteinemia (or homocystinuria: MIM 236200), an autosomal recessive inborn error with increased levels of plasma homocysteine and urinary homocystine (10) . CBS-deficient patients show a wide variety of clinical symptoms including atherosclerosis, thrombosis, mental retardation, osteoporosis, ectopia lentis, skeletal abnormality, and hepatic steatosis (10) . The mass screening of newborns for homocysteinemia is currently conducted in most advanced countries because adequate therapy right after birth can prevent progression of the disease (11, 12) . CBS-deficient mice (Cbs -/-) have been generated as an animal model of homocysteinemia (13) , and exhibit some pathophysiological features similar to CBS-deficient patients including endothelial dysfunction, hepatic steatosis, and impaired learning ability (14) (15) (16) . Cbs -/-display profound lethality around the weaning age, severe growth retardation, hepatic dysfunction, and a shortened life, hampering further analysis of the role of CBS in later developmental stages (13, 15) ; although our trial of genetic background conversion partially rescued Cbs -/-from juvenile lethality and ameliorated their growth (16) .
Meanwhile, genetic loss of CTH is thought to cause cystathioninemia (or cystathioninuria: MIM 219500) (17) , another autosomal recessive inborn error with increased plasma/urinary levels of cystathionine and an estimated incidence of 1 in 73,000-333,000 (10) . In contrast to homocysteinemia, cystathioninemia has been considered to be free of any striking clinical/pathological manifestations (10, 18, 19) . Here we generated CTH-deficient mice (Cth -/-). While the study was underway, Yang et al. reported that their Cth -/-appeared normal but displayed age-related hypertension as well as sex-related (hyper)homocysteinemia (20) ; however, our Cth -/-males and females were both normotensive and hyperhomocysteinemic to similar extents. Our Cth -/-also appeared normal but displayed acute lethal myopathy when fed a low-cyst(e)ine diet and greater sensitivity to oxidative injury.
Experimental Procedures
Animals-The Cth genomic DNA was isolated from a mouse 129/SvJ genomic library (21) . A 1.5-kb genomic fragment upstream of exon 1, a 4.5-kb lacZ gene (excised from the pβgal-Basic vector; BD Bioscience), a 1.7-kb PGKneo gene (excised from the pFlox vector (22)), and a 7.3-kb genomic fragment downstream of exon 6, were successively subcloned in the pMC1DT-3 vector (23) +/-ES cell clones were injected into C57BL/6J (C57BL/6JJcl; Clea Japan, Tokyo, Japan) blastocysts to produce chimeric male mice, which were then crossed with C57BL/6J females to obtain agouti Cth +/-pups. They were backcrossed for an additional 6-9 generations to achieve >99.2% genetic homogeneity on C57BL/6J background. The Cth +/-males and females produced were bred to obtain wild-type (WT: Diets/care/genotyping of mice-Mice were housed in an air-conditioned room kept on a 12-h dark/light cycle and allowed free access to the standard dry rodent diet CE-2 (Clea Japan) and water. In some experiments, a KR (Kojin Rayon ® ; Kojin, Tokyo, Japan), KR+Cys, or protein-free amino acid diet (16) was given. The KR diet, which mainly consists of denucleated torula yeast (Oriental Yeast, Tokyo, Japan) and sucrose, was originally formulated as a selenium-deficient diet; but in this study, it was used as a low-cyst(e)ine (selenium-sufficient) diet that contains 0.16% cystine (versus 0.37% in CE-2 or KR+Cys) and 0.164 ppm Na 2 SeO 4 (as a component of the AIN-93G mineral mixture) (16) . The protein-free amino acid diet is formulated to contain analytical grade amino acids that quantitatively match the protein-constituent amino acids in CE-2 (e.g., 0.44% Met; 0.37% cystine) (16) . Daily food intake was measured using the Metabolic Cage (Asahi Techno Glass, Tokyo, Japan). The Cth genotyping was done by PCR using tail genomic DNA and the following three primers: primer 1, 5´-TGCCGACCAATAAGCAGGGC-3´; primer 2, 5´-CCGAGGACTGGCCCGGGAAGT-3´; and primer 3, CCAGACCGGCAACGAAAATCA-3´.
All procedures involving animals were approved by the Animal Care Committee of Keio or Gunma University. When mice became unable to move/drink/eat, they were euthanized with ether.
Northern blot analysis-Mouse tissues were quickly removed and homogenized in Trizol (Invitrogen). Total RNA (20 µg) was analyzed as described previously (21, 24) . Specific probes used were the full-length mouse Cth cDNA (21) and the partial mouse cDNA of the housekeeping GAPDH (24) . 18S rRNA was stained with ethidium bromide as a loading control.
Western blot analysis-Five micrograms of liver and kidney homogenates was analyzed by Western blotting as described previously (21, 25) . Mouse CTH was detected using both anti-CTH amino-terminus (N-ter) and carboxyl-terminus (C-ter) rabbit polyclonal antibodies that recognize amino acids 1-193 and 194-398 of a rat 398-amino acid CTH protein, respectively (21) . Mouse CBS was detected with anti-rat CBS rabbit polyclonal antibody (15) .
Measurement of CTH activity-CTH activity was measured as described previously (21, 25) .
Measurement of total homocysteine and free amino acids-Serum levels of total homocysteine (homocysteine and all its derivatives that give rise to the thiol homocysteine after reductive cleavage of disulfide bonds (26)) were measured using an Azwell auto homocysteine kit (Alfresa Pharma, Osaka, Japan) which is based on a highly sensitive assay applicable to various clinical automatic colorimetric analyzers (27) . Free amino acids in serum or urine were derivatized with 4-fluoro-7-nitrobenzofurazan (NBD-F; Dojindo, Kumamoto, Japan) and measured using a HPLC system as described previously (16) .
Measurement of blood pressure (BP)-Systolic BP (as well as heart rates and diastolic BP) was measured using the BP-98A tail-cuff system (Softron, Tokyo, Japan) without anesthesia.
Measurement of serum biochemical parameters-Levels of albumin, alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin, blood urea nitrogen (BUN), creatine kinase (CK), creatinine (serum and urine), and lactate dehydrogenase (LDH) were measured using the Dri-Chem 3500 system (Fuji Film, Tokyo, Japan). Serum levels of total and free cholesterol, triglyceride, non-esterified fatty acid (NEFA), and phospholipid, were measured with enzymatic assay kits from Wako (Osaka, Japan) (15, 16) . Serum lecithin-cholesterol acyltransferase (LCAT) activity was measured using the Anasolve LCAT (Sekisui Medical, Tokyo, Japan) (15, 16) .
Histochemistry-Anesthetized mice were perfused through the heart with PBS followed by 4% paraformaldehyde in PBS. Tissues (except skeletal muscles) were dissected out, post-fixed overnight in 4% paraformaldehyde in PBS, and then cryoprotected in 30% sucrose in PBS. After sinking, they were embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan), frozen, and sectioned with a cryostat at 10 µm. Skeletal muscles were dissected out, frozen in isopentane/liquid nitrogen, and sectioned at 10 µm. Sections were stained with Mayer's hematoxylin/eosin Y solutions (as HE staining) for most tissues and Luxol first blue/cresyl violet solutions (as Kluver-Barrier staining) for spinal sections. Skeletal muscle sections were (immuno-)labeled with goat anti-dystrophin polyclonal (Santa Cruz), rabbit anti-LC3 polyclonal (MBL, Nagoya, Japan) (or sheep anti-LC3 polyclonal (Osenses, Flagstaff Hill, Australia)), and rabbit anti-p62 polyclonal (MBL) antibodies. Alexa Fluor 488 or 568-conjugated antibodies (Molecular Probes) were used as secondary antibodies, and sections were mounted in a ProLong Gold antifade reagent with DAPI (Invitrogen). The TUNEL assay was performed using an In situ Apoptosis Detection Kit (Takara, Tokyo, Japan). Sections were examined with a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan) fitted with a Plan Apo 40× objective (Nikon).
RT-PCR-Total RNA isolated with Trizol was further purified with a PureLink RNA mini kit (Invitrogen). Two micrograms of the RNA was used to produce the first-strand cDNA with a Superscript VILO cDNA synthesis kit (Invitrogen). A total of 10 ng of cDNA from each sample was amplified via RT-PCR using SYBR Premix Ex Taq II (Takara), primer sets for mouse aspragine synthetase gene (Asns) (5'-CTGTACGGATGAACCATTGC-3' and 5'-GCCTCCTTGAGTTGCTTCA-3') and hypoxanthine guanine phosphoribosyl transferase 1 gene (Hprt1) (5'-GACTGATTATGGACAGGACTG-3' and 5'-GACTGATCATTACAGTAGCTC-3'), and an 7300 Real-Time PCR System (Applied Biosystems). Asns and Hprt1 mRNA levels were quantified using the comparative CT method with Hprt1 levels for normalization.
Hepatocyte culture and cell survival assay-Hepatocytes were prepared from anesthetized 10-week-old male mice. The liver was perfused for 20 min through the portal vein with perfusion buffer A (in mM: 118 NaCl, 25 ). Thereafter the liver was dispersed in perfusion buffer B, and hepatocytes were filtered through a 70-µm Cell Strainer (Falcon) and sedimented by low-speed centrifugation with 45% Percoll-55% William's E medium (William's E (Sigma) containing 5% FBS, 1 nM dexamethasone, 1 nM insulin, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin). The cells were washed three times with William's E medium and dispersed onto collagen I-coated 96-well tissue culture dishes (Corning) at 2 × 10 4 cells per well. Plates were incubated for cell adhesion for 12 hr at 37°C and in a 5% CO 2 incubator. Then the medium was removed and washed, and the cells were incubated with DMEM (containing 30 mg/L L-Met and 63 mg/L L-cystine dihydrochloride) or Met/cystine-free DMEM (Gibco), which contained 1 nM dexamethasone, 1 nM insulin, 2 µg/ml aprotinin, 0.1% fatty acid-free BSA, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin with/without Met, cystine, or paraquat. The cells were subjected to the CellTiter-Glo luminescent cell viability assay (Promega) to measure cellular ATP as an indicator of cell survivability.
Measurement of Glutathione and Anti-Oxidant Power-Total glutathione (reduced glutathione (GSH) + oxidized glutathione (GSSG)) levels and GSH/total glutathione molecular ratios were measured using coulmetric electrochemical detection as described previously (28) . Tissues were homogenized in 5.5% (w/v) metaphosphoric acid using a Micro Smash-100R Homogenizing System (Tomy, Tokyo, Japan) and 5-µm-diameter Zirconia beads. The homogenates were centrifuged at 16,100 × g for 20 min at 4 o C, and the supernatants were filtrated through the Ultrafree-MC filter (0.45 µm, Durapore PVDF, Millipore). Samples were separated on a reversed-phase C18 column (4.6 mm × 250 mm, LMS, Tokyo, Japan) by acetonitrile gradient elution, and GSH/GSSG were detected with a CoulArray Detector (Model 5600A; ESA, Chelmsford, MA). Total anti-oxidant (=reduction) power was measured using the Total Antioxidant Power Colorimetric Microplate Assay Kit (Oxford Biomedical Research, Oxford, MI); tissue extracts were prepared as described in the manufacturer's instruction manuals.
Statistics-Data are expressed as mean ± SD for independent samples. The statistical analysis was performed using Student's t-test or one-way ANOVA followed by a Tukey post-test for multiple comparisons using Prism 4 (GraphPad Software). The Kaplan-Meier survival analysis was conducted using Prism 4. A P < 0.05 denotes a statistically significant difference.
RESULTS
No apparent abnormality in Cth -/--The mouse Cth gene consists of 12 exons with 54% of the coding region located in exons 1-6 (21). We deleted this region in ES cells using homologous recombination (Fig. 1A) . CTH protein and its activity were detectable in liver and kidney, but not in brain, heart, lung, thymus, spleen, and skeletal muscle of mice (21) . Successful generation of Cth -/-from Cth +/-mating was confirmed by Southern blot analysis/PCR of tail genomic DNA (Fig. 1B and 1C) , Northern blot analysis of liver and kidney RNA (Fig. 1D) , as well as Western blot analysis and measurements of CTH activity in liver/kidney extracts ( Fig. 1E  and 1F ). CTH expression levels and enzymatic activities in Cth +/-liver/kidney extracts were nearly half of those in corresponding WT extracts ( Fig. 1E and 1F ) while the CBS expression in the liver/kidney extracts did not differ among Cth genotypes (Fig. 1E) . (15, 16) , Cth -/-were free of hepatic steatosis (data not shown). This observation was supported by serum biochemistry in which normal levels of ALT, AST, total bilirubin, total and free cholesterol, triglyceride, NEFA, phospholipid, and LCAT activity were obtained; all of the biochemical parameters were dramatically elevated in Cbs -/-(Supplemental Table S1 ).
Hypercystathioninemia/hyperhomocysteinemia but not hypermethioninemia in Cth
-/--The vast majority of Cbs -/-die before 4 weeks of age (15, 16) , and thus 2-week-old pups derived from heterozygous mating were examined for their amino acid levels in serum (Table 1) or urine. Serum cystathionine levels in Cth -/-were as high as 500 µM while those in others were below detectable levels (Table 1) . Cth -/-also displayed cystathioninuria (33.1 ± 5.3 mM; n = 7) while cystathionine was not detectable (< 5 µM) in either WT or Cbs -/-urine (n = 7 for each). In contrast, homocystine was detected in both Cth -/-and Cbs -/-(34.9 and 55.5 µ M, respectively) but not in the others (Table 1) . Accordingly, total homocysteine levels were remarkably higher in Cth -/-and Cbs -/-(145 and 209 µ M, respectively) and slightly higher in Cth +/-and Cbs +/-(7.8 and 17.5 µ M, respectively) than in the respective WT (5.9 and 6.1 µ M, respectively) ( Table 1) . Both Cth -/-and Cbs -/-displayed homocystinuria (268 ± 125 and 632 ± 283 µ M, respectively; n = 7 for each) and homocystine was not detectable (< 5 µM) in WT urine (n = 7). Hypermethioninemia, a characteristic feature of Cbs -/-patients (10,29), was observed in Cbs -/-(2.64 mM) but not in Cth -/- (Table 1) . Serum levels of taurine, the most abundant free amino acid in humans that is synthesized from Cys (2,6), were much lower in both Cth -/-and Cbs -/-than in WT (Table 1) . Adult Cth -/-males and females also displayed homocysteinemia; total homocysteine levels in 10-week-old males and females were 104 ± 21 (n = 8) and 151 ± 48 µM (n = 9), respectively, while those in the respective WT were 3.3 ± 1.0 (n = 8) and 3.9 ± 0.9 µ M (n = 11), respectively. The association between a folic acid deficiency and neural tube defects is well known (30) , and a molecular basis of folic acid fortification (31) (especially for pregnant women) is a reduced plasma level of homocysteine caused by its remethylation to Met (32) . However, no developmental abnormalities (neural tube defects such as Spina Bifida and anencephaly) were observed in pups born to homocysteinemic Cth -/-dams (Supplemental Fig. S2 ).
Low-cyst(e)ine diet-induced acute muscular atrophy in Cth
-/--We previously reported that a sufficient supply of cyst(e)ine in diet is essential for the survival of C3H/HeJ-Cbs -/-(Cbs -/-on C3H/HeJ background); C3H/HeJ-Cbs -/-could not survive with a 0.16% cystine-containing KR diet but could with a cystine-supplemented KR (KR+Cys) diet that contains 0.37% cystine, the dose in the standard diet (16) . When fed KR from 3 weeks of age, Cth -/-promptly stopped growing and started to lose weight daily, in marked contrast to WT and Cth +/-which developed similar to those fed the standard diet ( Fig. 2A) . After one week, Cth -/-showed severe paralysis of the lower extremities (Supplemental Video S1), and severe atrophy in abdominal regions (Fig. 2B) as well as proximal skeletal muscles including trapezius and rectus femoris muscles (Fig. 2C ) with no sign of fasciculation. Thereafter, Cth -/-began to display paralysis of the upper extremities and became unable to move/drink/eat, eventually dying after ~2 weeks ( Fig. 2A) . Supplementing the KR diet with cystine (namely, the KR+Cys diet) mostly restored body weight (Fig. 2D) and cancelled the onset of all such phenotypes.
Histological examination of rectus femoris muscles from KR-fed Cth -/-revealed diffuse (rather than grouped) myofiber atrophy (Fig. 2E) ; the myofiber cross-sectional area of the muscles from KR-fed Cth -/-was 60% of that of muscles from KR-fed WT (Fig. 2F) . Serum biochemistry revealed that the creatinine concentration was significantly lower in KR-fed Cth -/-than KR-fed WT or standard diet-fed Cth -/- (Fig. 2G ) although activity levels of CK and LDH were not increased (Supplemental Fig. S3A and S3B) ; LDH activity was rather lower in KR-fed Cth -/-than in standard diet-fed Cth -/-. When compared with levels in KR-fed WT or standard diet-fed Cth -/-, serum levels of BUN, ALT, AST, and ALP were elevated; the total bilirubin level was unaltered; and levels of albumin and triglyceride were decreased in KR-fed Cth -/-(Supplemental Fig.  S3C-S3I ). The histology of other major organs including the brain, liver, and kidney, did not exhibit any obvious abnormalities in KR-fed Cth -/-(data not shown). In addition, the examination of transverse spinal sections (near the 4th cervical and 4th lumber vertebrae which may be involved in the contraction of trapezius and rectus femoris muscles, respectively) did not show any specific difference between WT and Cth -/-fed the KR diet for two weeks (Supplemental Fig.  S4A and S4B) . KR did not increase the amount of serum homocysteine in Cth -/-(Supplemental Fig.  S5 ), indicating that the phenotypes were not caused by further accumulation of homocysteine.
When fed KR from 6 and 12 weeks of age, Cth -/-females gradually lost weight and died within 4-5 weeks (Fig. 2H and 2I ). When fed KR from 8 weeks of age, Cth -/-males lost 15.4% of their body weight within one week while WT males gained 6.8% (Fig. 2J) although their daily food intake was not significantly altered (Fig. 2K) . The Cth -/-went lame after two weeks on the KR diet (Supplemental Video S2) probably due to paralysis of the lower extremities, and then became unable to move/eat/drink and died. Such paralysis was not apparent in C3H/HeJ-Cbs -/-males that were similarly fed KR (Supplemental Video S3) while they also display severe weight loss (16 (33, 34) , was examined in livers, skeletal muscles, and hearts. In WT livers, one week on the KR diet and 2 days of starvation significantly increased Asns expression to similar levels (Fig. 3A) . In Cth -/-livers, comparable levels of Asns induction were observed even with the standard diet; the levels after feeding on KR were much higher (33.5-fold) (Fig. 3A) . Significant increases in Asns expression were observed in skeletal muscles but not hearts (composed of cardiac muscles, another type of striated muscles) of KR-fed Cth -/-( Fig. 3B and 3C ). Autophagy is required to maintain muscle mass but its excessive activation leads to myopathic muscle loss (35) . Femur skeletal muscle sections were stained with the autophagosomal marker LC3 (microtubule-associated protein 1 light chain 3), p62/sequestosome-1 which is degraded by the autophagy-lysosome system and accumulated upon its collapse, and sarcolemmal dystrophin (Fig. 4) . There was no obvious LC3 staining in WT or Cth -/-on the standard diet, but after one week on the KR diet, LC3-positive punctation was observed in the peripheral regions of both WT and Cth -/-myofibers (Fig. 4, arrowheads) . After 3 weeks on the KR diet, LC3 was diffusely increased within some Cth -/-myofibers (Fig. 4 , the arrows); similar expression patterns were observed with a different anti-LC3 antibody (data not shown) and the diffuse p62 expression was observed in some of the LC3-negative atrophic Cth -/-myofibers (Fig. 4, asterisks) . Muscle inactivation of mTOR (mammalian target of rapamycin), a key regulator of another amino acid response pathway, is shown to reduce muscle dystrophin content (36); however, the sarcolemmal distribution of dystrophin was preserved even in p62-positive atrophic myofibers of the KR-fed Cth -/- (Fig. 4) . TUNEL-positive apoptotic cells were not observed in femur skeletal muscle sections of KR-fed Cth -/-(data not shown).
Increased sensitivity to oxidative injury in Cth -/--Liver is the major locus for CBS/CTH expression (15, 21) . Isolated hepatocytes were cultured in cystine-and/or Met-free medium. Cth -/-hepatocytes showed greater sensitivity to cystine's depletion compared with WT or Cth +/-hepatocytes; most of them died after 3 days of culture (Fig. 5A) . In contrast, the sensitivity to Met's depletion did not differ among Cth genotypes for up to 3 days (Fig. 5B) . In the 5-day culture, Met supplementation did not rescue cystine-depleted Cth -/-hepatocytes (Fig. 5C ). Cth -/-hepatocytes showed greater sensitivity to paraquat, the producer of reactive oxygen species (37); the deleterious effects were concentrationand time-dependent (Fig. 5D, left and right,  respectively) . To evaluate hepatic ability to neutralize such cell-damaging reactive oxygen species, the total anti-oxidant activities (to reduce Cu 2+ to Cu + ) were measured in WT, Cth +/-, and Cth -/-liver extracts; the activities were 0.496 ± 0.054, 0.506 ± 0.043, and 0.427 ± 0.013 (arbitrary) units per µg protein (n = 5, 7, and 6), respectively. The level of activity was significantly lower in Cth -/-than in WT and Cth +/-(P < 0.05 and P < 0.01, respectively, in the one-way ANOVA). When 9-week-old WT and Cth -/-males were intraperitoneally injected with paraquat (50 mg/kg body weight), Cth -/-showed increased sensitivity than WT in the Kaplan-Meier survival analysis (Fig. 6A) . One week on the KR diet increased the sensitivity in both WT and Cth -/-males, though the sensitivity was still higher in Cth -/-than WT (Fig. 6B) . Levels of total glutathione (GSH+GSSG) in liver extracts were significantly lower in Cth -/-than in WT while the levels in femur skeletal muscle, kidney, heart, and brain extracts, did not differ significantly between WT and Cth -/- (Fig. 6C ). However, after one week on the KR diet, total glutathione levels in skeletal muscle, liver, heart, and brain, became significantly lower in Cth -/-than in WT, which was most prominent in skeletal muscle as well as liver (Fig. 6C) . GSH/total glutathione ratios did not differ with Cth deletion or KR feeding in any tissues tested (Fig. 6D) . These results suggest that a glutathione deficiency due to low-cyst(e)ine diets may influence the systemic resistance to oxidative injury.
Cystine is an essential amino acid in Cth -/--We examined if dietary cystine is essential for Cth -/-using a protein-free amino acid preparation (16) . When fed the Met-free, cystine (1×: 0.37%)-containing diet from 3 weeks of age, WT and Cth-mutants did not grow at all and died after 8-9 weeks (Fig. 7A) , which indicates that Met is indeed an essential amino acid. With a normal amount of Met (0.44%) in the diet, WT grew normally, even in the total absence of cystine (Fig.  7B, left) . In contrast, dietary cystine was essential for Cth -/-; normal body weight increase was impaired in Cth -/-with the diet containing less than 0.222% (0.6×) cystine (Fig. 7B, right) .
DISCUSSION
Cystathioninuria was first described in 1959 by Harris et al. who discovered abnormal secretion of cystathionine in the urine of a 64-year-old, mentally retarded woman (19) . Several lines of evidence indicate that cystathioninuria/cystathioninemia is caused by a deficiency of CTH; for example, 1) CTH activity was markedly reduced in the liver extracts or the cultured lymphoid cell lines of patients with cystathioninuria (38, 39) , 2) systemic administration of propargylglycine (an irreversible CTH inhibitor) to rats induced cystathioninemia (40, 41) , and 3) multiple Cth mutations were found in unrelated probands with cystathioninuria (42, 43) . Here we provide the first genetic evidence that the deletion of CTH alone causes cystathioninuria and cystathioninemia.
Cth -/-developed normally in general; they were free of several severe phenotypes that Cbs -/-exhibit, including juvenile lethality, hepatic dysfunction/steatosis, and abnormal lipid metabolism (15, 16) . This result is consistent with previous studies that regard cystathioninemia as an apparently benign biochemical anomaly with no visible clinical symptoms (10, 44 S1B) ; this discrepancy may be related to the difference of genetic background (C57BL/6J × 129SvEv mixed versus C57BL/6J (our mice)). However, we revealed several (occasionally severe) phenotypes in Cth -/-, some of which can be observed in buried CTH-deficient patients. First, Cth -/-required dietary cyst(e)ine as an essential amino acid to protect against acute lethal muscular atrophy. This atrophy was rapidly induced by feeding Cth -/-with the low-cyst(e)ine diet ( Fig. 2A, 2H , and 2I) independently of homocysteine's accumulation (Supplemental Fig.  S5 ), and had a myogenic (not neurogenic) nature based on several criteria: 1) diffuse rather than grouped atrophy of myofibers was observed (Fig.  2E) , 2) the main focus was the proximal (not the distal) skeletal muscle ( Fig. 2C and Supplemental Video S1), 3) fasciculation was not observed, 4) histology of spinal transverse sections did not reveal any abnormality (Supplemental Fig. S4 ), even in anterior horn cells that are severely impaired in amyotrophic lateral sclerosis-type neurogenic muscular atrophy, 5) serum creatinine levels were decreased (Fig. 2G) while BUN levels were elevated (Supplemental Fig. S4C ) in KR-fed Cth -/-compared with standard diet-fed Cth -/-, and 6) formation of LC3-positive autophagosomes was observed in myofibers of KR-fed Cth -/- (Fig.  4) .
To our knowledge, this is the first example of diet-induced myopathy; its early onset ( Fig. 2A,  2H , and 2I) and severity (Supplemental Video S1 and S2) were exceptional. Serum levels of CK and LDH activity were not elevated (Supplemental Fig.  3A and 2B) ; some types of myopathy are not associated with raised CK/LDH levels (45) , which may mainly involve the autophagic loss (atrophy) of myofibers rather than necrotic/apoptotic loss. Indeed, the increased Asns expression in livers and muscles (Fig. 3A and 3B) suggests the activation of amino acid response, and the accumulation of p62 in some Cth -/-myofibers (Fig. 4, asterisks) reflects the accumulation of polyubiquitinated aggregates after excessive autophagy that had depleted autophagosomal components such as LC3 via the autophagy-lysosome system (46) . The amino acid response in muscles is likely mediated by ATF4 rather than mTOR because Asns expression was induced (Fig. 3B ) and dystrophin's structure was intact in p62-positive (autophagy-defective) myofibers of KR-fed Cth -/- (Fig. 4) (33,34,36 ). TUNEL-positive apoptotic cells were not observed in muscles of KR-fed Cth -/-(data not shown), and therefore, this acute myopathy may reflect the rapid metabolic turnover of muscular proteins in WT and its failure in Cth -/-fed the low-cyst(e)ine diet. The reason for difference in sensitivity to the diet between Cth -/-and C3H/HeJ-Cbs -/-(Supplemental Video S2 and S3) remains unknown, and some other factor(s) such as markedly elevated levels of cystathionine in Cth -/-could be implicated in acute myopathy via unknown mechanisms. Remarkable hepatic Asns induction and in KR-fed Cth -/- (Fig. 3A) suggests that liver serves as a major source of Cys by autophagic degradation of hepatic proteins in cases of systemic Cys deficiency, and that heart is protected from such degradation (Fig. 3C) . Induction of Asns (Fig. 3B ) and greater reduction in glutathione contents (Fig. 6C ) in skeletal muscle of KR-fed Cth -/-suggest that skeletal muscle is an organ more vulnerable to Cys depletion than heart (Fig. 3C and 6C ). Serum levels of ALT, AST, and ALP were slightly elevated while those of albumin and triglyceride were decreased in KR-fed Cth -/-(Supplemental Fig. S3D-S3F, S3H , and S3I), indicating mild hepatic failure in KR-fed Cth -/-. Nonetheless, this disease model may be useful for evaluating new drugs and therapies against currently incurable progressing myopathy.
The second finding is that Cth -/-were hyperhomocysteinemic like Cbs -/-, but not hypermethioninemic unlike Cbs -/- (Table 1) . Hypermethioninemia is the most prominent biochemical feature of CBS-deficient patients (29) . For this reason and technical difficulties in measuring (total) homocysteine levels in filter-spotted blood specimens, the screening of newborns for homocysteinemia in Japan and some parts of the USA and EU (11, 12) , has detected high Met levels using Guthrie's bacterial inhibition assay (11, 12) ; the cut-off value for requesting another analysis was 1-2 mg/dL (67-134 µ M) (47) while its normal range was 13-43 µM (48). Therefore, CTH-deficient patients are predicted to pass the screening even though they may suffer from hyperhomocysteinemia. An elevated plasma homocysteine level is considered an independent risk factor for cardiovascular diseases (10,49); mild or moderate hyperhomocysteinemia (total homocysteine concentration of 15-50 µM) is found in up to 40% of patients with myocardial infarction, stroke, or venous thrombosis (50) , and a 5 µM increase leads to a 30% increase in cardiovascular risk (51) . In contrast to such epidemiological evidence, high plasma levels of Met but not homocysteine were correlated with atherogenesis in apolipoprotein E-deficient mice (52) , and drug-inducible transgenic CBS expression in Cbs -/-rescued neonatal lethality without lowering serum levels of homocysteine (53) . Our data is consistent with such studies in that elevated levels of homocysteine itself are not pathogenic in mice, although the threshold effect for homocysteine (54) may contribute to pathogenic phenotypes in mice; its serum levels in Cbs -/-are somewhat higher than Cth -/-(209 versus 145 µM; Table 1 ). The third finding is the sensitivity to oxidative injury in Cth -/-. Both Cth -/-hepatocytes and mice displayed increased sensitivity to oxidative stress from paraquat ( Fig. 5D and 6A ). The sensitivity was more prominent when mice were fed the KR diet (Fig. 6B) ; this may be, in part, due to decreased levels of glutathione in livers (Fig. 6C ) because elevated hepatic glutathione levels can act against paraquat-induced oxidative injury in mice (55) . Reduced serum levels of anti-oxidative taurine in Cth -/- (Table 1 ) may also participate in the systemic vulnerability to oxidative injury. Decreased levels of glutathione in muscles (Fig.  6C ) may accelerate myopathy in KR-fed Cth -/- (56) . In human liver cells, approximately half of the intracellular glutathione was considered to derive from transsulfuration (57) . Levels of CTH activity in liver and lenses were significantly lower in aged rodents than younger rodents (58) (59) (60) , and inhibition of CTH by propargylglycine caused glutathione depletion in lenses and led to cataractogenesis in vitro (60) . An adequate supply of cyst(e)ine may be more important for older people who accumulate oxidative damage. In contrast, the enhanced flux of Met to the transsulfuration pathway that associates with increased Cth expression may contribute to the longevity found in Ames dwarf mice (61) . CBS is highly expressed in both human and mouse brains (15, 62) and CTH activity is 100-fold higher in the human brain than mouse brain (63) . Mental retardation is commonly observed in CBS-deficient patients (10) and Cbs -/-displayed impaired learning in the passive avoidance test (16) . Taken together, the anti-oxidative property of transsulfuration might contribute to the maintenance of the central nervous system (64) , and Cth -/-(red diamonds) females fed the KR diet after weaning at 3 weeks of age. All Cth -/-died after ~2 weeks. B and C, the appearance (B) and a radiograph (C) of WT (left) and Cth -/-(right) females fed the KR diet for one week from 3 weeks of age. Severe atrophy was observed in abdominal regions (B) as well as in proximal muscles such as trapezius and rectus femoris muscles (arrow and arrowhead in C, respectively). Bars: 1 cm. D, body weight changes with the KR+Cys diet. E, hematoxylin/eosin-stained transverse cross sections of rectus femoris muscles isolated from a WT or Cth -/-male fed the KR diet for one week from 3 weeks of age. Diffuse muscular atrophy was observed in Cth -/-. Bars: 50 µm. F, myofiber cross-sectional areas (µm 2 ) of rectus femoris muscles from WT or Cth -/-males before (3 weeks of age) and after (4 weeks of age) one week on the KR diet. G, serum levels of creatinine after consumption of the standard (Std) or KR diet for one week from 3 weeks of age. H and I, body weight changes after a change from the standard diet to KR diet at 6 (H) and 12 (I) weeks of age. After the change, both 6-and 12-week-old Cth -/-lost weight daily and died within ~4 weeks. J and K, the daily body weight change (J) and food intake (K) in WT or Cth -/-males after the change to the KR diet at 8 weeks of age. Representative pictures are shown in B, C, and E. Values are mean ± SD (n = 5 for each genotype in A, D, H, and I; 6 in F; 10 in G; and 8 in J and K).
* P < 0.05, ‡ P < 0.01, and † P < 0.001 in the one-way ANOVA in F and G; ‡ P < 0.01 in the t-test in J. The asterisks for P values are abbreviated in A, H, and I. -/-males that were fed the standard diet, the KR diet (for one week) or starved for 2 days, was analyzed by RT-PCR and normalized to that of housekeeping hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1). The Asns/Hprt1 expression ratios in the standard diet-fed WT were set at 1. Values are mean ± SD (n = 6).
* P < 0.05, ‡ P < 0.01, and † P < 0.001 in the t-test.
FIGURE 4. Accumulation of LC3 and p62 in the myofibers of KR-fed Cth -/-. Eight-week-old WT and Cth -/-females were fed without or with KR for 1 or 3 weeks, and femur skeletal muscle sections were stained with DAPI, and anti-LC3, dystrophin, or p62 antibodies. LC3-positive punctation appeared in the peripheral regions of both WT and Cth -/-myofibers after one week on the KR diet (arrowheads), and LC3 was diffusely increased within some Cth -/-myofibers after 3 weeks of KR feeding (the arrows). Diffuse p62 expression was observed in some Cth -/-myofibers after 3 weeks (asterisks). The structure of dystrophin was preserved even in p62-positive myofibers of KR-fed Cth -/-. Bars: 25 µm. (n = 15) males. Health status was monitored every 8 h for a week. Cth -/-showed higher sensitivity to paraquat than WT (P = 0.038). B, the same as in A except that WT and Cth -/-males (n = 15 each) were fed KR for a week before the injection. KR increased the sensitivity to paraquat in both WT and Cth -/-(P = 0.017 and 0.049, respectively). When fed KR for a week, Cth -/-still showed greater sensitivity to paraquat than WT (P = 0.031). C, total glutathione (GSH+GSSG) levels and D, percentages of GSH/total glutathione in skeletal muscle, liver, kidney, heart, and brain extracts in 3-week-old WT (open bars) and Cth -/-(filled bars) females. After one week on the KR diet, total glutathione levels decreased in most tissues of WT and Cth -/-, especially Cth -/-. Values are mean ± SD (n = 5); * P < 0.05, ‡ P < 0.01, and † P < 0.001 in the one-way ANOVA. Serum samples were collected from 2-week-old WT, Cth-, and Cbs-mutant mice (both sexes). Concentrations of cystathionine, homocystine, methionine, and taurine were measured by HPLC, and those of total homocysteine were measured by an enzymatic assay. ND, not detectable (< 5 µM). Values are mean ± SD (n); * P < 0.05, ‡ P < 0.01, and † P < 0.001 versus +/+ samples in the t-test.
by guest on November 19, 2017 
